Background: Cytokines which signal via the gamma chain of the interleukin (IL)-2 receptor and the interferons (IFNs) have been shown to enhance T cell survival in vitro by rescuing cells from apoptosis. Methods: A study was undertaken to determine whether treatment with inhaled fluticasone propionate (FP; 250 mg twice daily) for 2 weeks could modulate production of IL-15 or IFN-b and thereby affect T cell survival in bronchial tissue of 10 patients with mild/moderate asthma. Bronchial biopsy specimens were taken before and on completion of treatment. Results: The mean (95% CI) number of T cells per unit area decreased in the asthmatic group following 2 weeks of treatment with FP (from 7.0 (5.6 to 8.4) to 4.5 (4.0 to 5.1); p = 0.001). There was an increase in the percentage of T cells undergoing apoptosis following FP treatment as assessed by T cell/TUNEL staining (from 4.5 (2.6 to 6.4) to 8.7 (6.6 to 10.8); p = 0.0001). The percentage of cells staining for IL-15 and IFN-b in the lamina propria, determined by an alkaline phosphatase biotin streptavidin technique, decreased significantly from baseline values of 31.6 (23.4 to 39.7) to 19.6 (12.5 to 26.7), p = 0.039 for IL-15 and from 18.9 (13.5 to 24.4) to 9.5 (5.9 to 13.1), p = 0.007 for IFN-b following 2 weeks of treatment with FP. However, only the decrease in the percentage of cells staining for IL-15 was significantly correlated with an increased number of apoptotic T cells following treatment (p = 0.008). Conclusion: These findings support a novel mechanism for the ability of inhaled corticosteroids to decrease T cell numbers, possibly by downregulation of the cytokine IL-15.
A poptosis has emerged as a major mechanism for the clearance of activated T cells during the resolution of an inflammatory response. 1 It has been proposed that dysregulation of the survival and apoptosis of inflammatory cells has a central role in chronic inflammation. [2] [3] [4] Activated T cell apoptosis can occur via two distinct pathways: activation induced cell death involves ligation between FAS and its ligand 5 while cytokine deprivation death of activated T cells tends to occur at the end of the immune response. 6 Withdrawal of cytokines-specifically those which signal via the c-chain of the interleukin (IL)-2 receptor (IL-2R), IL-2, IL-4, IL-7 and IL-15-leads to apoptosis associated with the downregulation of the anti-apoptotic molecule Bcl-2. 7 Deprivation of a second group of cytokines, the type I interferons (IFNs), also results in T cell apoptosis, 8 but Bcl-2 expression does not appear to be central to this process. 9 Compelling evidence has recently accumulated which attests to a defect in the regulation of apoptosis in asthma. [10] [11] [12] Asthma is characterised by a chronic inflammation of the bronchial wall dominated by T lymphocytes and eosinophils. 13 The accumulation of these cells in the asthmatic airway significantly contributes to the persistence of airway inflammation in these patients. Wolley et al have found decreased numbers of eosinophils undergoing apoptosis in asthmatic subjects compared with a non-asthmatic control group. 14 In addition, eosinophil expression of the antiapoptotic gene product Bcl-2 is increased in bronchial biopsy material from asthmatic subjects. 11 The role of T cell apoptosis has only recently received any attention. Spinozzi et al recently reported hypoexpression of FAS mRNA and its receptor FAS ligand, two molecules necessary for activation induced cell death, by pulmonary T cells isolated from bronchoalveolar lavage (BAL) fluid of subjects with atopic asthma. 15 Previous observations from our laboratory have shown a reduction in the expression of Bcl-2 by the CD4+ T cell population in asthmatic subjects compared with a nonasthmatic control group. 16 Furthermore, IFN-c positive but not IL-4 positive T cells in biopsy specimens from asthmatic subjects had significantly higher proportions of apoptotic cells, supporting the hypothesis that a Th1/Th2 imbalance in asthmatic inflammation may be a result of premature apoptosis within the Th1 subset. 16 Corticosteroids constitute first line therapy in the treatment of asthma. 17 A number of biopsy studies have confirmed that corticosteroids reduce the number and activation status of inflammatory cells in the asthmatic bronchial wall. 18 19 Corticosteroid administration in asthmatic subjects results in an increase in the proportion of apoptotic eosinophils in tissue biopsy specimens 11 and sputum. 14 Corticosteroids have also been shown to promote the apoptotic death of unstimulated and stimulated peripheral blood T lymphocytes ex vivo. 20 21 The aim of the present study was to evaluate the effect of the inhaled corticosteroid fluticasone propionate (FP) on apoptosis of T lymphocytes in the bronchial submucosa of asthmatic subjects. We also wished to determine whether downregulation of IL-15 and IFN-b by corticosteroids constituted a possible mechanism for any T cell apoptosis observed.
METHODS

Subjects
Ten non-smoking atopic subjects with mild to moderate asthma were recruited into the study (table 1). All had been non-smokers for at least 10 years before the study. The atopic status was established by positivity to one or more of 10 routinely tested allergens by skin prick testing (Bayer Corporation, Elhart, USA). All of the subjects were newly diagnosed asthmatics who were steroid naïve before enrolment into the study and used b agonists on an as needed basis. A comparable asthmatic control group was not included as it was deemed unethical to withhold or withdraw treatment from patients with mild/moderate asthma. Eight subjects with no history of asthma, negative skin prick tests, and negative RAST to the same allergens constituted a control group. These subjects were life long non-smokers, had not previously been treated with corticosteroids, and had pulmonary function tests within normal limits. Exclusion criteria included a respiratory tract infection in the 6 weeks before the study.
The ethics committee of the hospital and the Irish Medicines Board approved the study and all patients gave written informed consent prior to participation.
Study design
Patients received 250 mg FP twice daily for 2 weeks delivered by a pressurised canister through a Volumatic device. A 2 week treatment regime was used as previous data from this laboratory have shown a decrease in T cells following a 2 week intervention with FP. 22 Subjects were also provided with a salbutamol pressurised rescue inhaler (100 mg/puff) for use during the treatment period on an as needed basis for symptomatic relief. Bronchoscopy was performed the day before treatment and ¡2 days after the 2 week treatment period with FP. The control group did not receive any medication and underwent a single bronchoscopic examination.
Bronchoscopy
Three endobronchial biopsy specimens were obtained from the second to fourth generation bronchi on the right side under general anaesthesia as previously described. 22 Biopsy material was immediately snap frozen in isopentane (BDH, Poole, UK), cooled to 280˚C, and stored in liquid nitrogen. Sections 6 mm in thickness were subsequently cut from the specimens onto poly-L-lysine glass slides (BDH, Poole, UK). The integrity and architecture of the tissue was confirmed by staining with toluidine blue dye. Sections were then air dried for 1 hour, fixed in chloroform:acetone 1:1 solution for 10 minutes, and air dried again for a further 20 minutes before storage at 220˚C.
T cell numbers
Absolute numbers of T cells per unit area were identified using a cocktail of CD2, CD3, CD5, and CD8 (T mix) monoclonal antibodies by an indirect immunoperoxidase method as previously described. 22 This T cell cocktail has been shown to identify more than 99% of T cells from suspensions of human peripheral blood and bone marrow. 23 Validation of the method for identifying T cells in bronchial biopsies has not been published. Endogenous peroxidase activity from eosinophils and mast cells was excluded by the use of negative controls in which the T cell monoclonal antibody layer was omitted. All slides were coded and counted in a blind fashion by two observers. Data presented are the mean values of data recorded by the two observers. A minimum of five areas in the subepithelial region were analysed and the total number of T cells per unit area (10 4 mm 2 ) were determined using a computerised image analysis system (Axiocam, Zeiss, Jena, Germany).
Identification of apoptotic T cells
The proportion of apoptotic T cells was determined using a combination of indirect immunofluorescence and TUNEL (terminal deoxynucleotidyl transferase mediated dUTP nick end labelling). Sections were allowed to equilibrate to room temperature and were incubated with mouse anti-human (MAH) CD2+, CD3+, CD4+, CD5+ and CD8+ IgM at a 1/5 dilution in PBS (pH 7.4) at room temperature in a humidified chamber for 45 minutes. Sections were then washed twice for 2 minutes in PBS pH 7.4. A second layer containing isotype and species specific fluorochrome conjugated antibody, goat anti-Mouse IgM TRITC (Southern Biotechnology Assoc, AL, USA) at a 1/50 dilution in PBS pH 7.4 was applied. The sections were permeabilised by the addition of Triton X100 permeabilisation solution (Rohm & Haas, Philadelphia, USA) at 4˚C for 2 minutes. TUNEL terminal deoxynucleotidyl dUTP nick end labelling solution (Fluorescein-Boehringer Mannheim, IN, USA) was then applied to each test specimen. The reaction mixture contained 50 ml terminal deoxynucleotidyl transferase from calf thymus and 450 ml fluorochrome conjugated nucleotide dUTP. In the negative control the reaction mixture was omitted. The sections were then washed three times in PBS pH 7.4 before fixation in Citifluor (Citifluor Ltd, Kent, UK). Sections of human tonsil were used as positive controls and negative controls consisted of sections incubated using a solution with terminal transferase instead of the TUNEL reaction mixture. All slides were coded and counted in a blind fashion by two observers. Data presented are the mean of data recorded by the two observers. The proportion of TUNEL positive T cells was estimated using a Zeiss fluorescence microscope with epiillumination and barrier filters for FITC and TRITC. A minimum of five high power fields (640) were examined (each containing at least 20 cells).
Cytokine analysis
The number of cells expressing IL-15 and IFN-b was assessed with a biotin-alkaline phosphatase-streptavidin technique. Briefly, sections were fixed in methanol:acetone 1:1 for 10 minutes at 220˚C and then washed in PBS pH 7.4. Mouse anti-human IL-15 (Pharmingen, CA, USA) and sheep antihuman IFN-b (Pharmingen) were diluted 1 in 10 and 1 in 30, respectively, in PBS + 1% BSA and incubated overnight. Sections were washed in Tris-buffered saline (TBS) pH 7.6 and then incubated with 50 ml of an IgG affinity purified horse anti-mouse biotinylated second layer (Vector Laboratories, Peterborough, UK) diluted 1/100 in PBS-BSA for 1 hour at room temperature. After rinsing in fresh TBS the sections were incubated with 50 ml streptavidin-alkaline phosphatase (Vector Laboratories) diluted 1/100 in PBS-BSA for 1 hour at room temperature. The sections were again rinsed in fresh TBS and the reaction was developed by a 15 minute application of a substrate solution (5 mg naphthol ASBI phosphate, 10 ml Tris-HCl (pH 8.2), 200 ml dimethylformamide, 10 mg Fast Red, and 10 drops of levamisole added just before use). The sections were then washed in tap water, distilled water, and counterstained with Mayer's haematoxylin before mounting in 9:1 PBS:glycerol. The primary antibody layer was omitted in the negative control sections. All slides were coded and counted in a blind fashion by two observers. Data presented are the mean of data recorded by the two observers. Positively stained areas in a minimum of 3-5 framed areas (10 4 mm 2 ) in the lamina propria (15 cell depth) were quantified using an image analysis system (Axiocam, Zeiss, Jena, Germany). The immunostained area was divided by the field area measurement and expressed as the percentage stained area.
Data analysis
The data were normally distributed (as assessed by the Kolmogorov-Smirnov test) and are expressed as mean values with 95% confidence intervals (CI). Changes in group means from baseline following treatment were compared using the Student's paired t test. Comparisons between cytokine levels in asthmatic and non-asthmatic subjects were performed with an unpaired t test. Correlation coefficients (r) were calculated using Pearson's product moment correlation analysis. A p value of ,0.5 was considered significant. The statistical calculations were performed using a validated statistical software package for personal computers (SigmaStat 2.0, Jandel Scientific, USA).
RESULTS
All bronchial biopsy specimens from subjects with asthma contained a subepithelial inflammatory infiltrate which was not present in the control biopsies. The mean (95% CI) number of T cells per unit area decreased significantly in the asthma group following treatment for 2 weeks with 250 mg FP twice daily (from 7.0 (5.6 to 8.4) to 4.5 (4.0 to 5.1), p = 0.001; fig 1A) . This decrease in T cell number was reflected by an increase in the percentage of T cells undergoing apoptosis following FP treatment (from 4.5 (2.6 to 6.4) to 8.7 (6.6 to 10.8), p = 0.0001; fig 1B) . We have previously reported a decreased number of T cells and TUNEL positive T cells in biopsy specimens from subjects with asthma compared with biopsies from non-asthmatic subjects. 16 The percentage of cells staining positive for IL-15 in the lamina propria was twice as high in the pretreatment biopsy specimens of the asthma group than in biopsy specimens from the non-asthmatic control group (31. The percentage of cells staining positive for IFN-b in the lamina propria was significantly higher in pretreatment biopsy specimens from asthmatic subjects than in nonasthmatic biopsy specimens (18.9 (13.5 to 24.4) v 9.76 (4.1 to 15.4), p = 0.017; fig 2B) . Following treatment with FP there was a significant decrease in the percentage of cells staining for IFN-b in the biopsy specimens from subjects with asthma (9.5 (5.9 to 13.1), p = 0.007; fig 2B) . The decrease in the percentage of cells staining for IFN-b was not correlated with the increase in apoptotic T cells (r = 0.12; p = 0.8). 
DISCUSSION
The treatment of steroid naïve subjects with mild/moderate asthma with 250 mg FP twice daily resulted in a decrease in T cell numbers and in increased apoptosis of the T lymphocyte population of the bronchial wall. While the ability of inhaled corticosteroids to decrease T cell numbers in the bronchial submucosa is well established, 18 22 to the best of our knowledge these data represent the first report of a pro-apoptotic effect of inhaled steroids on the T lymphocyte population in vivo.
The anti-inflammatory effect of corticosteroids, mediated via alterations in the apoptosis of inflammatory cells, has previously been addressed. It is increasingly recognised that prolonged eosinophil survival through inhibition of apoptosis contributes to the eosinophilic inflammation in asthma. 14 24 Furthermore, the use of inhaled corticosteroids has been shown to reverse the delayed eosinophil apoptosis in asthma both in vivo and in vitro. 11 25 The pro-apoptotic effects of steroids may be a consequence of a direct effect on eosinophil apoptosis 25 or of an inhibition of pro-survival cytokines such as IL-5 and granulocyte-macrophage colony stimulating factor (GM-CSF). 26 More recently there have been a number of reports that support a similar defect in T cell apoptosis in asthma. 10 15 16 Hamzaoui et al 27 found decreased numbers of T lymphocytes undergoing apoptosis in induced sputum from asthmatic subjects compared with non-asthmatic controls. Culture of peripheral blood lymphocytes isolated from non-asthmatic subjects with the steroids dexamethasone and prednisolone has been shown to promote T cell apoptosis in a dose and time dependent fashion. 20 28 Melis et al 21 have recently published data which show that FP induces apoptosis in peripheral blood T lymphocytes from asthmatics with an associated decrease in the expression of Bcl-2 and FAS. In vivo evidence for an effect of corticosteroids on T cell apoptosis in asthma is currently lacking. A small but nonsignificant increase in the percentage of T lymphocytes undergoing apoptosis in the bronchial submucosa of asthmatic subjects treated with inhaled corticosteroids compared with steroid naïve asthmatics has been reported. 11 This was a comparative study between two discrete asthmatic groups performed at a single time point, perhaps explaining why their findings differ slightly from the results reported here.
In this study production of the pro-survival cytokines IL-15 and IFN-b was greater in the bronchial wall of steroid naïve asthmatic subjects than in non-asthmatic controls, thereby providing a microenvironment within the asthmatic airways which mitigates against apoptosis of the T lymphocyte population. Moreover, following treatment with FP for 2 weeks the percentage of cells staining for both cytokines in the lamina propria returned to control levels, with an associated increase in T lymphocyte apoptosis. These data provide evidence to support cytokine deprivation as a possible mechanism by which inhaled corticosteroids produce an increase in T lymphocyte apoptosis in the bronchial wall.
Overexpression of the anti-apoptotic cytokines IL-15 and IFN-b has been implicated in the genesis of other chronic inflammatory diseases. 2 29 Highly differentiated synovial T cells are actively inhibited from undergoing apoptosis in the rheumatoid synovium. 2 Removal of these T cells from the inflamed rheumatoid joint leads to rapid apoptosis, a process which can be reversed in vitro by the addition of either by IL-2R gamma chain signalling cytokines, including IL-15 or IFN-b to activated synovial T cells. 2 These two cytokines rescue T cells from death by different mechanisms. The common c-chain cytokines prevent apoptosis by upregulating the expression of the anti-apoptotic protein Bcl-2 and Bcl-XL relative to Bax, a pro-apoptotic homologue of Bcl-2. 7 In contrast, interferons act by a distinct intracellular pathway that does not affect Bcl-2 expression. 9 As we did not examine T lymphocyte expression of Bcl-2 or Bcl-XL in this study, we cannot ascertain the relative contributions of either IL-15 or IFN-b to the T lymphocyte apoptosis which resulted following their dowregulation by treatment with inhaled corticosteroids. However, the lack of any correlation between the increase in the number of apoptotic T cells and the decrease in the percentage of cells staining for IFN-b in the lamina propria following treatment with FP would suggest that IFNb is not central to this process.
Interestingly, Melis et al 21 reported a significant decrease in Bcl-2 expression in peripheral blood T lymphocytes following incubation with FP. In the current study the strong correlation observed between the decrease in the percentage of cells staining for IL-15 in the lamina propria and the decrease in the number of apoptotic T cells may suggest that the common c-chain cytokines are indeed central to the process of inhaled corticosteroid induced apoptosis in asthma.
